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Abstract: The effect of sintering temperature of 12-layered porous ceramic reactors 
(comprising 5 cells) was studied using scanning electron microscopy (SEM), cyclic 
voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The difference in 
microstructures of the reactors was evaluated by SEM. Additional information on the 
influence of sintering temperature on the properties of the reactors could be gained by the 
use of EIS. The present work has provided the first set of fundamental electrochemical 
data and their interpretation in terms of fabrication conditions, for the multi-layered 
porous ceramic reactors. 
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1. Introduction 
The diesel-powered engines display the advantages of high thermal efficiency, durability 
and reliability compared to the gasoline-powered engines [1]. However, one of the main 
problems is the emission of NOx (x=1, 2) and soot particulates during operation, which 
still exists and limits the practical application of the diesel engines [1, 2]. Therefore, there 
has been a great demand on effective and economical methods for the purification of the 
exhaust gases. According to the literature several  approaches have been reported for the 
efficient removal of both NOx and soot particles emitted from the diesel engines [1, 3, 4]. 
Among them the use of the electrochemical cell for a simultaneous removal of NOx and 
soot particle has been proven to be a novel and effective solution [5, 6]. It is worth 
mentioning that the reduction of NOx and the oxidation of soot particles take place at the 
cathode and the anode of the cell, respectively, which facilitates the simultaneous 
purification. 
Recently, some attempts to improve the properties of electrochemical cells have been 
carried out via materials selection and optimization [7]. In our previous work [8], flat, 
crack-free and layered electrochemical reactors (a series of cells) with a novel 
configuration comprising mechanically supporting layer, electrode and electrolyte were 
successfully produced via the processes of slurry preparation, tape casting, lamination 
and sintering, and the effect of sintering temperature on the materials properties 
(shrinkage, porosity, pore size, flow rate and room-temperature electrical conductivity) 
was investigated.  
The present work is focused on the microstructure and the electrochemistry of the 
reactors sintered at different temperatures. The microstructures of the sintered samples 
were investigated by using the scanning electron microscopy (SEM). While, for the 
investigated sample’s characterization of the electrochemical behavior , both current 
density-voltage curves and impedance spectra at different temperatures and different 
oxygen partial pressures were measured and evaluated. In this study, no NOx or soot is 
introduced in the measurement, to make the electrochemical characterization of the 
produced reactors as simple as possible. However, it is noted that these electrochemical 
processes are could also be applied when NOx and soot are present. The present work is 
an attempt to provide the first set of fundamental electrochemical data and their 
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interpretation for the efficient production of multi-layered porous ceramic reactors 
sintered at different temperatures. 
 
2. Experimental Procedure 
The designed electrochemical reactor were comprised of 12 ceramic layers: 1 
mechanically supporting layer of lanthanum strontium manganate (LSM)-yttria stabilized 
zirconia (YSZ), 6 electrode layers of LSM-gadolinium-doped cerium oxide (CGO) and 5 
electrolyte layers of CGO. The samples were fabricated via the processes of slurry 
preparation, tape casting, lamination and sintering. The details of the layer composition 
and the fabrication procedure of the reactors were reported in our previous work [8]. The 
present work confines the investigation to the samples sintered at 1150, 1200, 1250 and 
1300
 o
C.  
A TM 1000 scanning electron microscope (Hitachi, Japan) was used in order to examine 
the cross section of the polished reactor to reveal its microstructure. For the 
characterization of the electrochemical performance, the sintered samples were cut into 
8×8 mm
2
 squares. To ensure good in-plane conductivity, Pt paste was applied on the both 
ends of the cut reactor. Afterwards the Pt-coated samples were heat-treated at 1000 
o
C for 
6 hours in a furnace (Heraeus, Germany) with both the heating rate and the cooling rate 
to be 5 
o
C/min. After having the contacting electrode on the surfaces, the reactors were 
sandwiched between two platinum meshes supported by alumina pellets in a testing rig 
(Scandia, Denmark), where both the ranges in temperature and oxygen partial pressure 
(PO2) for all the tests could be adjusted and controlled. The details in this set-up were 
described elsewhere [9]. For the samples investigated in air, the measurement 
temperatures were 325, 350, 375, 400 and 425 
o
C, respectively. For the samples 
investigated at 400
 o
C, the measurement oxygen partial pressures were 0.01, 0.02, 0.05, 
0.1, 0.2, 0.5 and 1 atm, respectively. A total gas flow rate of 100 mL/min was used for all 
the testing. At a given temperature or PO2, the current density-voltage relations and the 
impedance spectra of the reactors were measured using a SI 1250 frequency response 
analyzer and a SI 1287 electrochemical interface (Solartron, England). The current 
density-voltage curves were recorded with a sweep rate of 10 mV/s. The measurements 
were initiated at open circuit voltage (OCV) and run in the cathodic current direction 
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first. Then the voltammogram was recorded between -3 V to 3 V versus OCV. The 
impedance data were analyzed using the PC-DOS program ‘EQIVCT’ developed by 
Boukamp [10]. Finally, the impedance data were fitted with three suppressed semi-
circles. 
3. Results and Discussion 
Figure 1 shows the SEM micrographs of the sample sintered at 1200 
o
C, from which the 
configuration of the reactor is revealed. With respect to Figure 1a, the electrochemical 
reactor comprises 1 thicker supporting layer of LSM-YSZ, 6 electrode layer of LSM-
CGO and 5 electrolyte layer of CGO. The layers of the electrode and the electrolyte are 
alternately arranged. The estimated thicknesses of LSM-YSZ, LSM-CGO and CGO are 
to be 170, 30 and 20 m, respectively. To facilitate the treatment of the flue gases, the 
sintered electrochemical reactor is porous, which could be seen more clearly from the 
high-magnification SEM images of the support, the electrode and the electrolyte, as 
illustrated in Figures 1b and 1c. It is worth noting that the pore inter-connectivity of the 
supporting layer is not as good as that of the electrode and/or the electrolyte. This is 
mainly attributed to the fact that different contents and particle sizes of the different pore-
formers were added in order to generate porosity for the supporting layer, the electrode 
and the electrolyte, as described in our previous work [8].  
The thicker layer of LSM-YSZ mainly provides enhanced mechanical support, as well as 
for the electrical conductivity of the reactor. When the external power is applied on the 
reactor, NOx is reduced at the first cathode layer of LSM-CGO to form nitrogen and 
oxygen anions. The oxygen anions transport through the electrolyte layer of CGO to the 
anode layer of LSM-CGO, where the soot particles react with these active oxygen anions 
and are removed by oxidation. The electrons released from the oxidation of the soot 
particles are further used to reduce the NOx molecules while the produced oxygen anions 
further travel through the next electrolyte layer to the next anode where the oxidation of 
soot occurs. As a result, the reactions of the reduction of NOx and the oxidation of soot 
particles take place layer by layer and therefore the simultaneous removal of them is 
achieved. In summary, this multi-layered porous ceramic reactor could be considered as 
an oxygen pump to supply oxygen species through the electrolyte. The intermediate 
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electrode layers of LSM-CGO is working as both cathode and anode to facilitate the 
reduction and oxidation processes at the same time.     
The current density-voltage curves obtained at a fixed sintering temperature and a given 
measurement temperature are presented in Figure 2. With respect to Figure 2a, the 
voltammograms of the reactor sintered at 1300 
o
C and measured at different temperatures 
in air, reveal that the current density increases with increasing the voltage for all the 
applied temperatures. The absolute value of the current density at a given voltage 
increases with increasing the measurement temperature, which indicates that higher 
temperature enhances the electrochemical performance of the reactor. Moreover, it is 
worth mentioning that the effect of measuring temperature has also been recorded for the 
I-V curves of the remaining reactors even though they were sintered at other temperatures 
(not shown in this article). In Figure 2b, the voltammograms of the samples sintered at 
different temperatures and measured at a constant temperature of 425 
o
C in air are shown 
and the absolute value of the current density at a given voltage seems to increase with 
increasing the sintering temperature. This is attributed to the density/porosity effect. In 
general, higher sintering temperature leads to higher density/lower porosity, which 
enhances the transport of oxide anions in the reactors. The effect of sintering temperature 
is also pronounced in the current density-voltage curves of the reactors measured at other 
temperatures (not shown). The sintering temperature effect will be addressed in more 
details at the subsequent presentation on the electrochemical impedance spectroscopy 
(EIS).  
The impedance spectra of the samples sintered at 1150 and 1300 
o
C and measured at 
different oxygen partial pressures at 400 
o
C are presented in Figure 3. For the 
investigated reactors, remarkable changes of the impedance with the PO2 are displayed in 
low frequency arcs. While higher PO2 resulted in lower polarization resistances.  
The EIS data were fitted using an equivalent circuit with a resistance R in series with 
three RQ sub-circuits, where Q is a constant phase element. As an illustration, Figure 4 
shows the fitting result of the impedance spectrum of the reactor sintered at 1150 
o
C and 
measured at 0.01 atm at 400 
o
C. A good agreement between the fitting curve and the 
experimental data is observed, which validates the used model. With respect to Figure 4, 
the impedance data consist of three arcs in terms of high, middle and low frequencies. 
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The PO2 dependence of the individual arcs could be well described using a power law. 
The values of the power n determined from the fitting of the power-law plots (not shown) 
are given in Table 1. On the basis of the determined n values, a tentative interpretation of 
the EIS data was obtained when varying the PO2 at 400 
o
C in combination with the use of 
a mechanism suggested for solid oxide fuel cell (SOFC) cathodes [11]. The low 
frequency arc is normally attributed to a slow redox reaction at the surface of the 
electrode. Though different impedance values (higher in the 1150 
o
C-sintered reactor) 
were recorded, the PO2 dependence of the low frequency arc is almost the same for the 
two reactors with different sintering temperatures, where the n values are around 1/4. 
According to Takeda et al. [12], such a PO2 dependence could be due to the reduction of 
oxygen species at the surface of the electrode and incorporation of oxygen anions in the 
electrode. The PO2 dependence of the middle frequency arc is the one that changes the 
most with the sintering temperature of the reactors. For the reactor sintered at 1300 
o
C, 
the PO2 dependence n is around 1/10. A low PO2 dependence of this kind of arc was also 
observed at higher temperature for LSM-YSZ electrodes [13]. The reactor sintered at 
1150 
o
C has a much higher PO2 dependence, where the n is around 1/5. Such a PO2 
dependence was also observed at higher temperatures for LSM-YSZ electrodes, and it 
was suggested to be due to the transport of oxide anions in the electrode [13]. This 
strongly suggests that the middle frequency arcs are due to different processes for the 
reactors sintered at different temperatures. The reactor sintered at higher temperature 
contains larger particles and the particles seem to be better connected compared to the 
reactor sintered at lower temperature, as illustrated in Figure 5. Thus the microstructures 
of both electrode and electrolyte of the two reactors, is probably the factor that makes the 
transport of ions in the electrode much smoother. The magnitude of the middle frequency 
arc is indeed much higher for the reactor sintered at lower temperature than at the higher 
temperature. The high frequency arc is virtually independent of PO2. This arc is most 
likely due to transport of oxygen anions in the electrolyte layers. The magnitude of this 
arc is much higher when the reactor was sintered at 1150 
o
C than at 1300 
o
C. This shows 
that the sintering of the electrolyte layers is insufficient at 1150 
o
C, compared to that at 
1300 
o
C.  
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The fitting results of the EIS data for the reactors, sintered at the four different 
temperatures and measured at 400 
o
C in air, are shown in Figure 6. The magnitudes of the 
high and the middle frequency arcs are seen to decrease with increasing the sintering 
temperature of the reactors. This is consistent with the fact that a higher sintering 
temperature results in a better inter-connectivity of the particles in the reactors, enhancing 
the transport properties of the reactors, as explained earlier. However, the magnitude of 
the low frequency arc decreases with increasing the sintering temperature until 1250 
o
C, 
while it increases with a further increase of the sintering temperature to 1300 
o
C. This 
shows that the activity, for the reduction of oxygen species at the surface of the electrode 
and incorporation of oxide anions in the electrode, is highest for the reactor sintered at 
1250 
o
C. Two effects may play roles in this phenomenon; the sintering of the reactors and 
the surface area of the electrodes. It is known that when the sintering temperature of the 
reactor increases, the inter-connectivity of the particles increases. This leads to a better 
contact between the particles, which in turn lowers the resistance. However, an increase 
in sintering temperature also leads to coarsening of particles and lowering the surface 
area of the electrodes. The latter effect may explain the increase in the magnitude of the 
low frequency arc, when the sintering temperature increases from 1250 
o
C to 1300 
o
C.  
According to the investigated EIS data, it is noted that the variation of the oxygen partial 
pressure makes it possible to understand the electrochemical properties of the porous 
reactors. As stated in the introduction part, the electrochemical processes are almost the 
same whether NOx and/or soot is present or not: the high and middle frequency arcs are 
independent of the atmosphere, as they are related to transport of oxygen anions in the 
ceramics, while the low frequency arc is of remarkable PO2 dependance, as it has the 
correlation with the reaction activity of oxygen species with the electrode. The oxygen 
pumping property is important for NOx reduction and soot oxidation. 
 
4. Conclusions 
It was shown that the microstructure of the 12-layered porous ceramic reactors is strongly 
dependent on the sintering temperature. A higher sintering temperature leads to a better 
inter-connectivity between the particles in the reactors. Additionally, the EIS reveals that 
different processes dominate the impedance spectra when the reactors are sintered at low 
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or high temperature. This is thought to be due to the better inter-connectivity of the 
particles for the rectors sintered at high temperature. The reactor sintered at 1300 
o
C 
shows the highest activity.     
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Table 1 Values of power n determined from the fitting of resistance versus oxygen partial 
pressure (1: high frequency arc, 2: middle frequency arc and 3: low frequency arc)  
 
Sintering 
temperature (
o
C)  
1 2 3 
1150 ~0 0.21 0.24 
1300  ~0 0.09 0.25 
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Figure captions 
 
Figure 1 SEM images of the electrochemical reactor sintered at 1200 
o
C: (a) entire 
reactor, (b) supporting layer, (c) electrode and electrolyte. 
Figure 2 Current density-voltage curves of the electrochemical reactors: (a) sintered at 
1300 
o
C and measured at different temperatures in air and (b) sintered at different 
temperatures and measured at 425 
o
C in air.  
Figure 3 Impedance spectra of the electrochemical reactors measured at different oxygen 
partial pressures at 400 
o
C: (a) sintered at 1150 
o
C and (b) sintered at 1300 
o
C. 
Figure 4 Measured (circles) and fitting (solid line) impedance spectra for the reactor 
sintered at 1150 
o
C, though measured at an oxygen partial pressure of 0.01 atm and 400 
o
C.  
Figure 5 SEM images of the electrochemical reactors sintered at: (a) 1150 
o
C and (b) 
1300 
o
C. 
Figure 6 Contributions from the individual arcs as a function of the sintering temperature 
of the reactors measured at 400 
o
C in air. The data were fitted with three RQ’s in series. 
R1 high frequency arc, R2 middle frequency arc and R3 low frequency arc.  
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Figure 4 
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